Introduction
The submersed monocot, Hydrilla verticillata (L.f.) Royle, is a facultative C 4 NADP-malic enzyme (ME) species . In nature it typically exhibits C 3 photosynthesis. However, under summer conditions, when the daytime dissolved [CO 2 ] is low, a C 4 -based CO 2 -concentrating mechanism is induced, which is easily emulated in the laboratory. Besides its facultative nature, the most unusual feature is that the C 4 and Calvin cycles operate in the same cell. In the absence of Kranz anatomy, futile cycling of CO 2 is avoided by an intracellular segregation of fixation and decarboxylation events between cytosol and chloroplasts (Reiskind et al. 1989 , Magnin et al. 1997 . A high [CO 2 ] accumulates in the chloroplasts of C 4 leaves, and eliminates the O 2 inhibition of photosynthesis and photorespiration . Previous studies with H. verticillata have documented a range of biochemical and physiological changes that accompany induction of the C 4 cycle Salvucci 1989, Magnin et al. 1997) . The single-cell C 4 system of H. verticillata was discovered over two decades ago , but in recent years others have been described in aquatic (Reiskind and Bowes 1991; Casati et al. 2000 and terrestrial habitats (Edwards et al. 2004) . Thus, it is now apparent that Kranz anatomy is not always an integral part of a C 4 system, nor is it the only way to segregate the initial fixation from the subsequent decarboxylation and re-fixation events.
The single-cell C 4 system of H. verticillata and its facultative nature raise interesting questions regarding the characteristics and regulation of the component enzymes. This is true for the cytosolic enzyme phosphoenolpyruvate carboxylase (PEPC; EC 4.1.1.31), which increases in activity during induction of the C 4 state, and becomes the initial fixation enzyme (Magnin et al. 1997 ). The cDNA of two H. verticillata PEPC isoforms, hvpepc3 and hvpepc4, has been sequenced, and it has been suggested that the proteins they encode operate in anaplerosis and C 4 photosynthesis, respectively . A third, presumably anaplerotic, isoform from roots has also been sequenced .
In other C 4 and Crassulacean acid metabolism (CAM) species, the photosynthetic forms of PEPC are highly regulated. Light modulates transcription of the C 4 isoforms, with other forms showing less response (Sheen 1999 , Scheible et al. 2000 . For example, the message encoding the maize C 4 PEPC (Ppc1A) increases 20-fold in the light (Kurotani et al. 1999) . Light also enhances the increase in PEPC mRNA of Mesembryanthemum crystallinum, as this facultative plant switches to CAM photosynthesis (McElwain et al. 1992) .
PEPC in plants is also regulated post-translationally by N-terminal seryl phosphorylation catalyzed by a Ca 2þ -independent protein kinase (PEPC-PK), which, like PEPC transcription, is light modulated in C 4 species (Chollet et al. 1996 , Jeanneau et al. 2002 . The phosphorylated enzyme is more active and less sensitive to malate inhibition than the dephosphorylated form; thus, malate sensitivity is an indicator of the phosphorylation state Chollet 1988, Pierre et al. 2004) . PEPC activity and kinetic characteristics are also affected by factors such as pH (Leport et al. 1996 , Bakrim et al. 1998 , Parvathi et al. 1998 , Jeanneau et al. 2002 . In particular, malate is a more potent inhibitor at pH values resembling those of the cytosol. Glucose-6-phosphate (G6P) is a positive effector that reduces malate inhibition and increases the affinity for the substrate phosphoenolpyruvate (PEP) (Echevarria et al. 1994 , Bla¨sing et al. 2002 .
The objectives of this study were to determine if the PEPC isoforms in C 3 and C 4 H. verticillata leaves differ in their regulatory characteristics, as befits their postulated roles, and whether the photosynthetic PEPC of this singlecell C 4 system resembles those found in Kranz-type C 4 plants. With these aims in view, diel transcript expression, protein quantity and phosphorylation status of the two isoforms were compared under C 3 and C 4 induction conditions. PEPC kinetics in C 3 and C 4 leaf extracts were also analyzed, along with the effects of pH, degree of malate inhibition and response to G6P. The results of this study are consistent with HVPEPC4 operating as a highly regulated initial carboxylase in the C 4 photosynthetic cycle, and HVPEPC3 acting in anaplerosis.
Results

Transcription of hvpepc3 and hvpepc4
Steady-state transcript accumulation of the two PEPC isoforms, hvpepc3 and hvpepc4, was compared for C 3 and C 4 leaves harvested during their light and dark periods (Fig. 1 ). For C 3 leaves, the transcript abundance of hvpepc3 did not vary appreciably between the light and dark periods, although in C 4 leaves a more pronounced signal was seen in the light. In the case of hvpepc4, the transcript was substantially up-regulated in C 4 leaves, as compared with C 3 leaves, especially in the light. Fig. 2 shows a detailed picture of hvpepc3 and hvpepc4 transcription responses in the light and dark. Shoots were acclimated for 48 h to C 3 conditions and then switched to C 4 for 48 h. Similar to the findings in Fig. 1 , under the initial C 3 conditions, there was little diel fluctuation in transcript expression of either isoform. In contrast, when the plants were switched to C 4 induction conditions, both isoforms showed distinct diel expression patterns, with up-regulation in the light and down-regulation in the dark. This was especially true for hvpepc4, which responded within 6 h of the change to C 4 conditions, whereas with hvpepc3 the most evident increase in signal occurred during the second photoperiod. When plants were changed from C 4 back to C 3 conditions, the diel expression pattern became less clear, with even indications of enhanced signal in the dark period. Fig. 3 shows the PEPC activity of leaf extracts assayed at an optimum pH of 8.0 during the C 3 and C 4 conditions used in the previous transcript abundance study. There was no increase in activity and no evidence of diel regulation for the first 48 h under the C 3 regime. In contrast, when the leaves were exposed to C 4 conditions, the PEPC activity increased linearly with induction time, but again there was no evidence that light enhanced the activity when assayed at this pH and saturating substrate concentrations. 
Characterization of PEPC protein
Western blotting was used to identify the PEPC protein monomers. Total soluble protein from C 3 and C 4 H. verticillata leaves harvested in the light and dark, and maize leaves harvested in the light (as a control), was resolved by SDS-PAGE prior to Western analysis. The blot shown in Fig. 4 was loaded on an equal PEPC activity basis (300 nmol NADH mg À1 protein) in order to gauge per sample the relative contribution of each isoform to the enzyme activity; in the top panel, the samples were probed with a polyclonal antibody raised against maize leaf C 4 PEPC. Two bands were evident in all the H. verticillata samples, but there was a distinct difference in signal proportion between the C 3 and C 4 leaves. ImageJ software was used to ascertain the relative signal strength of the individual bands within each lane quantified as a percentage of the total lane signal. For the C 3 light and dark extracts, the lower band comprised approximately 50% of the signal, whereas the corresponding values for the C 4 leaves were much higher, particularly for those harvested in the light. The maize leaf C 4 PEPC control exhibited a strong single signal.
Western blotting was also used to determine the phosphorylation status of the PEPC isoforms (Fig. 4 , lower two panels). The antibody that was used as a probe was raised against a phospho-(Ser/Thr) Akt substrate (Cell Signaling Technology). Duplicate sets of membranes were processed; one was incubated overnight with only buffer (untreated) while the other was treated with alkaline phosphatase (AP). The untreated membrane (middle panel) revealed a single band in all the H. verticillata samples, with the strongest signal in the C 4 light-harvested leaf. Thus, faint signals were noted in the C 3 and C 4 dark samples. The maize C 4 PEPC gave a strong single band. Treatment with AP (bottom panel) completely eliminated the signal for all the H. verticillata samples and revealed only a trace response for the maize control. To confirm that the band observed in the absence of AP treatment was indeed produced by PEPC, the untreated membrane was stripped and reprobed with a polyclonal antibody raised against maize leaf C 4 PEPC (top panel, see above). To determine which of the two H. verticillata PEPC isoforms was phosphorylated, the signals on the films from the two probings were superimposed. The single band from the anti-phospho-(Ser/Thr) Akt substrate probing of the H. verticillata samples aligned exactly with the lower
C 3 to C 4 C 4 to C 3 Fig. 2 Expression of PEPC isoforms subjected to alternating C 3 and C 4 induction conditions. The expression of the hvpepc3 and hvpepc4 messages from H. verticillata leaves was monitored for 48 h under C 3 conditions followed by 48 h under C 4 with a return to C 3 . Arrows indicate when the change in induction conditions occurred. The initial sampling took place 3 h into each specified condition, with sampling continued at 3 h intervals for 24 h, followed by 6 h intervals for the next 24 h. The difference in light/dark regimes for the C 3 and C 4 treatments reflects the C 3 and C 4 induction conditions described in Materials and Methods. The bottom panel shows the ethidium bromide-stained 25S rRNA as a loading reference. molecular mass band that resulted from the anti-PEPC probing, indicating that only the lower PEPC band was phosphorylated. When the phosphatase-treated membrane was stripped and reprobed with anti-PEPC, the signals obtained indicated that the protein in all the samples was unaffected by incubation with AP (data not shown). Additional studies confirmed that only the lower band showed regulatory phosphorylation of the PEPC N-terminal serine (Fig. 5A , lower panel), with the stronger signal in the light-harvested C 4 sample. This result was obtained by employing anti-phosphorylation site-specific antibody (APS)-IgG derived from a synthetic phosphopeptide (Tripodi et al. 2005) , which shared a close similarity with those N-terminal PEPC sequences in H. verticillata thought to undergo phosphorylation (see Fig. 5B ). The sequence identity is shown with the key conserved blocks covering a span of 12 residues. The data in Fig. 5A also indicate that the quantity of PEPC protein is several-fold higher in the C 4 than in the C 3 extract, despite the 4-fold increase in protein in the C 3 as a means to enhance detectioñ of phosphorylation. Additionally, the lower band signal is much stronger in the C 4 samples.
Kinetics and effector regulation of H. verticillata PEPC
The effects of [malate] on PEPC activity measured at a cytosolic equivalent pH of 7.3 and subsaturating [PEP] are shown in Fig. 6 . The enzyme from C 3 leaves, both light-and dark-harvested, showed little sensitivity to this inhibitor. As much as 5 mM malate was required to reach the I 50 value (data not shown). In contrast, the I 50 values for C 4 leaves were 410-fold lower at 0.4 and 0.2 mM in the light and dark, respectively. Table 1 compares the PEPC activity in extracts of lightand dark-harvested C 3 and C 4 leaves, together with the effects of G6P in the presence and absence of I 50 (mal) concentrations. At an assay pH of 7.3, the PEPC activity in C 4 leaf extracts was up to 14-fold greater than that in the C 3 leaves. Although light had no positive effect on the C 3 leaf PEPC activity, it greatly stimulated that of the C 4 , with a 53% increase in rate over the dark values. The addition of 5 mM G6P enhanced PEPC activity in all the extracts, more than doubling it in most cases. It also eliminated the inhibition caused by malate in all samples, but most evidently in C 4 extracts from dark-harvested leaves, which were the most malate sensitive. Even in the presence of malate, G6P was able to increase the activity of the C 4 extracts beyond the control values, abolishing differences due to light.
Kinetic data for PEPC with regard to [PEP] were assessed (Fig. 7) . The K m (PEP), K 0.5 (PEP) and V max values were derived from response curves of velocity vs. substrate in the presence and absence of 5 mM G6P. Two different equations were used to evaluate the kinetic data, as the slightly sigmoidal character of the response curve of the C 4 extracts in the absence of G6P suggested that the Hill equation should be used to assess the data for these extracts (Figs. 7A, B and 8). Alternatively, it was found that Michaelis-Menten kinetics applied to the PEPC data of C 3 extracts (Fig. 7C, D) . The K m (PEP) values for the light-and dark-harvested PEPC from the C 3 extract in the absence of G6P were 0.79 and 0.92 mM, respectively. Adding G6P increased these to 1.89 and 2.26 mM. For the C 4 leaf extracts, the K 0.5 (PEP) values were similar for light-and dark-harvested samples: 1.33 mM. The addition of G6P reduced these to 0.2 mM, reflecting an increased affinity for PEP. The Hill coefficients for these samples in the absence of G6P were again similar for light-and dark-harvested samples, i.e. 1.55, indicating slight positive cooperativity with regard to PEP. G6P reduced these values to near unity (1.03 and 1.17). The V max values for the C 3 light-harvested samples with and without G6P were 22 and 11 nmol mg À1 protein min À1 , respectively, and for the dark samples 22 and 7 nmol mg 1 protein min
À1
, reflecting a response to G6P similar to that seen at 1 mM PEP. V max values for the C 4 extracts, derived from the Hill equation, were much higher than the C 3 values, and the effect of G6P on the V max was not as strong as indicated at 1 mM PEP. Thus, the C 4 lightharvested leaves with and without G6P exhibited values The effects of AP on PEPC activity and its response to malate are shown in Table 2 . Data are presented as a percentage change in activity after 45 min incubation with or without AP. Phosphatase treatment increased the PEPC activity in C 3 leaf extracts and essentially eliminated any malate inhibition. However, the reverse was true for the C 4 leaf extracts. The phosphatase treatment decreased PEPC activity by approximately half, and the presence of I 50 (mal) resulted in a further decrease in rate, especially for lightharvested C 4 leaves.
Internal malate was measured in C 3 and C 4 leaves, and the concentrations were calculated on a total cell volume basis. The values for light-and dark-harvested C 3 leaves were similar, 271 AE 43 and 235 AE 19 mM, respectively. However, C 4 leaves had much higher concentrations: 1,110 AE 50 and 3,410 AE 70 mM in the light and dark, respectively. The intracellular location(s) for malate was not determined.
Discussion
At ambient dissolved [CO 2 ], H. verticillata shows typical C 3 characteristics. However, when [CO 2 ] is low, a C 4 system is induced . The events leading to this are molecular and biochemical, and occur without anatomical alterations. The result is a C 4 system that operates without Kranz anatomy. Engineering the multiple traits for a complete C 4 system into a C 3 crop plant to enhance yields is daunting, because not only are the genes for the C 4 cycle enzymes and their regulatory elements needed, but also those for Kranz anatomy and cell-specific expression. However, the 'minimalist' inducible C 4 system of H. verticillata provides a model to study the biochemical components necessary for transformation (Edwards 1999) .
During induction of the C 4 cycle, the transcript abundance of hvpepc4 increased to a far greater extent than that of hvpepc3. The reaction of hvpepc4 is reminiscent of ppcA orthologs in Flaveria, which show increasing expression in C 3 to C 3 -C 4 intermediates to C 4 species Light regulation of PEPC in Hydrilla (Engelmann et al. 2003) . Also, hvpepc4 was substantially up-regulated in the light. Transcript abundance in C 3 leaves exhibited a different scenario; for both isoforms, it was lower and lacked strong diel regulation. In comparison, the maize Ppc1A responds to light, as part of a diel cycle as well as developmentally, in contrast to the C 3 transcript of tobacco (Kurotani et al. 1999 , Scheible et al. 2000 . Thus, the H. verticillata data are consistent with a photosynthetic role for hvpepc4 and an anaplerotic role for hvpepc3.
In concert with the transcript data, the quantity and activity of PEPC increased with C 4 induction. Both leaf types had two closely migrating PEPC protein bands, but in varying proportions. In C 4 leaves, characterized by high PEPC activity, the immunoreactive protein of the lower band predominated, with a much stronger signal than in the C 3 leaves, irrespective of the loading regime. In C 3 with lower PEPC activity, the upper immunoreactive protein signal dominated when loaded on a protein basis, but became proportionately less when loading was based on activity. The proteins for each isoform are present in both leaf types, but do not contribute equally to PEPC activity. In C 4 leaves, the lower band probably contributes the most, whereas in C 3 leaves the activity is shared. In contrast to transcript expression, light had little effect on PEPC protein quantity of C 4 leaf extracts. However, mRNA and protein quantity are not necessarily correlated due to differences in message and product stability, as seen in the transition of a facultative CAM plant from the C 3 state (Cushman and Borland 2002) .
Two antibodies, anti-phospho-(Ser/Thr) Akt substrate and APS-IgG, were used to verify the post-translational phosphorylation status of each PEPC monomer in the H. verticillata samples. The specificity of the Akt substrate antibody relies on peptides containing phospho-Ser/Thr and Lys/Arg at positions À5 and/or À3 (data sheet, catalog No. 9611, Cell Signaling Technology). Some cross-reactivity may occur for Arg/Lys at positions À3 and À2 in the presence of a phosphorylated serine, and this could apply to H. verticillata. In contrast, APS-IgG is specific for the N-terminal phosphorylated serine in the PEPC from endosperm of castor oil seeds (Tripodi et al. 2005) , and confirmed the Akt substrate antibody signal. Together, these data establish strong post-translational phosphorylation of the PEPC lower band. This modification occurred predominantly in the C 4 PEPC and is consistent with activity of an endogenous PEPC-PK, as occurs in other C 4 species (Jeanneau et al. 2002) . In vivo 32 P labeling also indicated that the lower band of the C 4 H. verticillata leaf PEPC was phosphorylated (data not shown). In contrast, the isoforms from the C 3 sample showed little modification. A related submersed species, Egeria densa, which also appears to be a single-cell C 4 system, gave similar results (Lara et al. 2001) . The fact that PEPC isoforms associated with C 3 H. verticillata and E. densa leaves exhibited little or no phosphorylation may be a function of PEPC-PK activity or targeting. Truncation of the N-terminus during extraction can affect phosphorylation, but this explanation is unlikely as the protease inhibitors chymostatin, leupeptin and pepstatin A were included in the extraction media along with okadaic acid, an inhibitor of PP1 and PP2a phosphatases. Furthermore, the C 3 extracts were treated the same as those of C 4 leaves that showed substantial evidence of phosphorylation, and thus were clearly not truncated.
The data regarding light regulation of posttranslational phosphorylation of the lower band were somewhat equivocal. It is clear that this band in the light-harvested C 4 leaves was highly phosphorylated. The residual phosphorylation seen in the dark-harvested C 4 leaves may be due to phosphatase or reduced PEPC-PK activity, or, as suggested by Ueno et al. (2000) , to an additional, as yet unidentified, signal for regulatory phosphorylation. The very weak signals in the lower PEPC bands of C 3 samples indicate little phosphorylation. Deduced amino acid sequence data showing two deletions at the N-terminus of the hvpepc3-encoded protein and two substitutions at positions 6 and 46 in the hvpepc4-encoded form may also affect specific PEPC-PK targeting . The Northern and Western data, including the phosphorylation studies, suggest that the lower band is encoded by hvpepc4, and is thus HVPEPC4, the photosynthetic isoform, while the upper band, encoded by hvpepc3, is HVPEPC3, the anaplerotic form. Western blots of recombinant HVPEPC3 and HVPEPC4 expressed in a PEPC-deficient Escherichia coli produced a similar migration pattern (S. Rao, J. Reiskind and G. Bowes, unpublished data), providing further evidence that the upper and lower bands correspond to HVPEPC3 and HVPEPC4, respectively.
When PEPC activity was assayed at pH 8 with saturating substrates, it increased linearly during C 4 induction, concomitant with the increase in the hvpepc4 transcript and protein. No diel activity differences were observed under these assay conditions. However, when PEPC was assayed at a cytosolic-like pH and with subsaturating substrates, light exposure enhanced the activity in C 4 , but not C 3 , leaves, as might be expected if HVPEPC4 had undergone post-translational phosphorylation (Chollet et al. 1996 , Nimmo 2000 . It is reported that the ratio of PEPC activities at pH 8.0 and 7.1 for light and dark leaves correlates with the phosphorylation status (Bakrim et al. 1998) . The light and dark values for Sorghum bicolor are 1.56 and 6.0, respectively, while those for C 4 H. verticillata were 3.1 for light-harvested and 5.7 for darkharvested leaves, suggesting that light may enhance PEPC phosphorylation in the C 4 leaves.
The kinetic parameters of PEPC differed between the C 3 and C 4 leaf extracts, possibly consistent with variation in isoform composition. Activity was far greater in the C 4 leaves, and malate inhibition differed in the light and dark, as is typical for other C 4 species (Jiao and Chollet 1988 , Echevarria et al. 1994 , Gupta et al. 1994 , Casati et al. 2000 . The light and dark I 50 (mal) values for C 4 H. verticillata leaves (0.4 and 0.2 mM, respectively) were similar to those of maize, and in the range reported for E. densa (1.0 and 0.4 mM) and S. bicolor (1.35 and 0.5 mM). The lower malate inhibition in the light and the enhanced inhibition after AP incubation, reported for maize by Jiao and Chollet (1988) , also suggest light regulation of HVPEPC4 by phosphorylation. While some dark phosphorylation was observed, light and dark activity under cytosolic-like conditions and the malate effect indicated a higher phosphorylation status for the light-harvested PEPC.
In contrast, the C 3 leaf PEPC had an unusual response to malate, as well as to externally supplied AP. The increase in PEPC activity in these extracts resulting from AP treatment was an unexpected finding, which awaits future resolution. Although the enzyme exhibited little phosphorylation or light stimulation, its I 50 (mal) was 5 mM, differing from other anaplerotic PEPCs (Wang and Chollet 1993 , Leport et al. 1996 , Bla¨sing et al. 2002 , but resembling those of low-temperature CAM plants and dark (nonphosphorylated) Digitaria sanguinalis cells [I 50 (mal) of 8 mM] (Carter et al. 1996 , Pierre et al. 2004 ). Thus, a direct relationship between phosphorylation and malate inhibition may not apply to all PEPC isoforms.
At pH 7.3 in the absence of activators, the preferred active site species for PEPC is a complex of Mg-PEP with the allosteric site filled with ƒPEP (free PEP); this is true for both phosphorylated and non-phosphorylated enzymes (Tovar-Mendez et al. 1998) . Furthermore, changes in the G6P-binding site reduce sensitivity to this effector and to regulatory phosphorylation (Takahashi-Terada et al. 2005 , Yuan et al. 2006 . Data presented here indicate that the addition of G6P alters the kinetics differentially between the C 3 and C 4 PEPC. While it stimulated activity of the protein min À1 were: C 3 light and dark, 10 AE 1 and 11 AE 1, respectively; and C 4 light and dark, 157 AE 9 and 146 AE 7, respectively.
Light regulation of PEPC in Hydrilla 1213 C 3 H. verticillata PEPC, the specific effect was not an increase in the affinity for PEP. The G6P response in C 4 H. verticillata PEPC reflected those of other C 4 species, including reduction in the K 0.5 (PEP) value (Frank et al. 2001) , probably due to the presence of regulatory phosphorylation. Data with respect to [PEP] indicated that the PEPC from C 4 extracts was under weak allosteric control, whereas the C 3 leaf PEPC was not. However, in the presence of G6P, the response of the C 4 extract was strongly hyperbolic, as seen by reduced Hill coefficients, a result also found with the maize C 4 enzyme (Tovar-Mendez et al. 1998) . Thus, the C 4 PEPC showed a homotropic response, with PEP acting as a positive modulator; G6P decreased this homotropic cooperativity. The K 0.5 (PEP) value for the C 4 light-harvested PEPC reported in this study was 3-fold higher than that described for an anion-exchange peak PEPC fraction from a C 4 H. verticillata extract . Desalted enzyme extracts were used to derive the kinetic data in this study, and thus the values reported reflect a mix of isoforms, although in varying proportion. For example, the kinetic characteristics of the C 4 PEPC extract probably reflect the dominant lower band, the HVPEPC4 isoform. The velocity vs. substrate response curve for the C 4 peak fraction is sigmoidal, indicating positive cooperativity with PEP ; preliminary data with recombinant HVPEPC4 corroborate this conclusion (data not shown).
There is a question remaining as to the factors responsible for the differences in kinetics and malate sensitivity among PEPC isoforms. The role of the phosphorylated serine (H. verticillata HVPEPC4 14) at the N-terminus may be its proximal movement that limits access of C 4 acids to a catalytic arginine residue (Jeanneau et al. 2002) . The H. verticillata data are consistent with this concept, as the postulated HVPEPC4 was mainly phosphorylated in the light and the C 4 PEPC malate response resembled that of C 4 maize (Jiao and Chollet 1988) . However, elegant work with non-phosphorylated recombinant isoforms of Flaveria indicates the importance in C 4 PEPC of another serine residue located at Flaveria 774 that replaces the alanine of C 3 isoforms (Bla¨sing et al. 2002) . Catalysis is influenced by the proximity of the serine to the PEP-binding site and its provision of a hydrogen bond that interacts with PEP. Neither of the H. verticillata isoforms has serine at the equivalent position; instead they retain the 'C 3 ' alanine (H. verticillata 779) . Thus, this role for serine in C 4 PEPC catalysis does not exist, and yet the malate responses of C 3 and C 4 extracts differed greatly. The C 4 -like F. brownii ppcA-encoded PEPC and CAM PEPC isoforms also possess alanine and yet still show characteristics of C 4 PEPC (Carter et al. 1996 , Englemann et al. 2003 . Phosphorylation may be the factor in the 'C 4 ' behavior of the CAM PEPC and that from the C 4 H. verticillata.
A second C 4 signature residue deemed essential for a PEPC with C 4 properties is proposed; it is lysine, as opposed to arginine, at Flaveria 347 (Bla¨sing et al. 2000 , Engelmann et al. 2003 , Westhoff and Gowik 2004 . A lysine residue occurs at the comparable site in HVPEPC4, but not in HVPEPC3 . Whether it is important to the C 4 characteristics of HVPEPC4 has yet to be determined.
It is evident that H. verticillata leaves possess at least two PEPC isoforms with differing properties and functions. The data regarding regulation of expression, protein quantity and phosphorylation status, along with kinetic and regulatory analyses of PEPC activities, are consistent with HVPEPC4 as the photosynthetic isoform and HVPEPC3 as the anaplerotic or housekeeping isoform. These studies of the C 4 PEPC component in H. verticillata suggest that to reconstitute a 'minimalist' C 4 system in a C 3 plant, close attention should be paid to selecting specific isoforms that are appropriately modulated and exhibit the particular kinetics necessary to ensure that all the components of the C 4 system operate in a concerted and homeostatic manner.
Materials and Methods
Plant material
Hydrilla verticillata (L.f.) Royle shoots were incubated under a 14 h 308C photoperiod (250 mmol photons m À2 s
À1
) and a 228C scotoperiod to induce C 4 photosynthesis, or a 10 h 158C/14 h 128C light/dark regime to maintain the C 3 state . The induction of C 4 photosynthesis was followed over time by ascertaining the increase in PEPC activity; full induction occurred in 12-14 d. Leaves in the C 3 and C 4 states were harvested midway through their light or dark cycles, unless otherwise described, and rapidly frozen in liquid nitrogen (LN 2 ). Maize leaves were harvested 20 d after germination.
Enzyme activity
PEPC was extracted from the LN 2 -frozen leaves and desalted, and the activity was assayed at pH 8.0 in a coupled assay (Jiao and Chollet 1992) , except that 10 mM NaHCO 3 and 5 mM dithiothreitol (DTT) were used. Activity was also assayed at pH 7.3 with a subsaturating [PEP] of 1 mM (Nakamura et al. 1983) and 5 mM NaHCO 3 (Parvathi et al. 1998 ) without DTT. The I 50 (mal) values were measured under these latter conditions during the linear portion of the reaction, and the response of malate inhibition to 5 mM G6P was determined. The saturation curves from which the K m (PEP), K 0.5 (PEP) and V max values, with and without 5 mM G6P, were also assessed at pH 7.3 with 10 mM NaHCO 3 and [PEP] ranging from 0 to 10 mM in the absence of DTT. All effectors were adjusted to the assay pH prior to addition.
In vitro dephosphorylation of PEPC from C 3 and C 4 leaves using an AP (Sigma Chemical Company, St Louis MO, USA) was carried out after Jiao and Chollet (1988) , and the subsequent activities were measured in the presence of the respective I 50 (mal).
Soluble protein was determined with g-globulin as a standard (Bradford 1976) .
Malate determination
The method of Hatch (1979) was used to estimate internal malate pools in C 3 and C 4 leaves harvested in the light and dark. Total leaf concentrations were calculated using a leaf water content of 88% .
Northern analyses
Leaf samples were harvested at various times during the light/ dark cycles and immediately frozen in LN 2 and stored at À808C. Total RNA extraction, electrophoresis and probing of RNA blots with digoxigenin (DIG)-labeled antisense RNA were performed as described previously . To avoid crosshybridization, each membrane was blocked with cold cRNA of the opposite antisense probe segment. Each blot was replicated a minimum of three times with fresh plant extracts.
Western analyses
Total soluble protein in mg, or as PEPC activity in nmol NADH mg À1 protein, was resolved by 5% (w/v) SDS-PAGE. It was transblotted to nitrocellulose membranes, which were blocked with 5% (w/v) non-fat dry milk in TTBS [Tris-buffered saline with 0.05% (v/v) Tween-20] for 3 h. Polyclonal antibodies raised against maize PEPC (Chemicon International, Inc., Temecula, CA, USA) were diluted 5,000-fold in TTBS; polyclonal antibodies raised against a synthetic phospho-(Ser/Thr) peptide, which is a substrate phosphorylated by Akt (a protein kinase B) (Cell Signaling Technology, Beverly, MA, USA), were diluted 1,000-fold in TTBS with 5% (w/v) bovine serum albumin (BSA). Blots were incubated overnight at 48C in the antibody solution. To dephosphorylate the PEPC, the membranes with bound PEPC protein were incubated overnight at 378C in a sealed bag containing 1,000 U of AP (New England Biolabs, Beverly, MA, USA) in a total volume of 3 ml of buffer (50 mM Tris-HCl, 100 mM MgCl 2 , 1 mM DTT, pH 7.9); control membranes were incubated as above with only buffer. The Supersignal West Femto Maximum Sensitivity Substrate Kit (Pierce Biotechnology, Inc., Rockford, IL, USA) was employed for chemiluminescent detection of the blots. Protocols relating to probing and stripping of the membranes followed the manufacturer's instructions. For blots probed with APS-IgG, the antibody was diluted 1,000-fold in TTBS with 5% (w/v) BSA and 10 mg ml À1 dephosphopeptide (Tripodi et al. 2005) followed by overnight incubation at room temperature. Processing and detection were accomplished by using the amplified AP immunoblot assay kit (Bio-Rad Laboratories Inc., Hercules, CA, USA). Each blot was replicated a minimum of three times with fresh plant extracts.
Signals obtained on exposed films were scanned and saved as image files. Individual signal bands from each lane of a blot were quantified with the Analyze-Gel-Plot function using ImageJ software (National Institutes of Health).
